We have investigated the electronic structure of the high oxidation state material YCrO4 within the framework of the Zaanen-Sawatzky-Allen phase diagram. While Cr 4+ -based compounds like SrCrO3/CaCrO3 and CrO2 can be classified as small-gap or metallic negative-charge-transfer systems, we find using photoelectron spectroscopy that YCrO4 is a robust insulator despite the fact that its Cr ions have an even higher formal valence state of 5+. We reveal using band structure calculations that the tetrahedral coordination of the Cr 5+ ions in YCrO4 plays a decisive role, namely to diminish the bonding of the Cr 3d states with the top of the O 2p valence band. This finding not only explains why the charge-transfer energy remains effectively positive and the material stable, but also opens up a new route to create doped carriers with symmetries different from those of other transition-metal ions.
The nature of the lowest-energy charge excitations in strongly correlated transition-metal compounds is largely determined by the magnitude of the Coulomb energy U at the transition-metal d shell and that of the chargetransfer energy ∆ needed to transfer an electron from the d shell to the ligand p states. As pointed out by Zaanen, Sawatzky, and Allen (ZSA), 1 systems with sufficiently large U and ∆ values are magnetic insulators, and can be classified as either Mott-Hubbard insulators (the lowest-energy inter-site charge excitation is between the d ions) or charge-transfer insulators (the excitation is between the d and p ions). Compounds with small or close-to-negative ∆ values can be metallic with p-type charge carriers, and CrO 2 2-4 as well as Cr 4+ compounds in general [5] [6] [7] [8] [9] are representative for such a case.
One may expect that increasing the Cr valence further to 5+ could result in a truly negative-∆ system. This idea is based on a simple argument that ∆ n+1 is given by ∆ n − U , where n enumerates the valence.
1 Surprisingly, YCr 5+ O 4 and related RCrO 4 compounds with rare-earth R 3+ ions seem to be insulators according to their deep green color. [10] [11] [12] [13] [14] [15] This insulating behavior becomes even more puzzling when a band gap analysis, as developed by Torrance, 16 is carried out to include the actual crystal structure effects on the Madelung potentials (Table I) . We find that the charge-transfer energy should be negative enough to stabilize a metallic state in YCrO 4 . Our analysis should also be applicable to Sr 3 Cr 2 O 8 and Ba 3 Cr 2 O 8 , which are insulators as well.
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To resolve this issue, we have performed a photoelectron spectroscopy study on the valence band of YCrO 4 and combined it with ab-initio and parameterized bandstructure calculations. Experimental results evidence that YCrO 4 is a robust insulator. From the calculations, we discover that the tetrahedral coordination of the Cr Cr 3d states with the top of the O 2p valence band as to make the charge-transfer energy positive, to allow for the formation of a large band gap, and to keep the compound stable. Additionally, this lack of bonding with the top of the valence band opens new ways to create charge carriers by doping. Such carriers should have a high oxygen character with a symmetry decoupled from that of the transition-metal ions, and possibly generate unexpected phenomena. We focus on the tetragonal zircon-type polymorph of YCrO 4 , for which well-characterized bulk samples are available. This compound develops a ferromagnetic order below T C = 9 K 13 and its crystal structure ( Fig. 1 potentials at the O and Cr sites using the TETR utility.
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The potentials are listed in Table I together with those of NaCrO 3 , SrCrO 3 , and LaCrO 3 as reference systems for Cr 5+ , Cr 4+ , and Cr 3+ materials, respectively. The calculations for the latter 113 perovskite-type compounds were all done in the idealized cubic crystal structure of LaCrO 3 with the same lattice parameter of a = 3.88Å.
Torrance 16 introduced an effective charge-transfer parameter ∆ 0 that combines different energy terms related to the electron transfer from the d shell of Cr to the p shell of O:
where 16 found empirically that for a wide range of oxides the optical gap follows roughly the relation E gap ≈ ∆ 0 − 10 eV. The calculated ∆ 0 values would then suggest that, according to this empirical rule, LaCrO 3 should be an insulator, while SrCrO 3 , NaCrO 3 , and YCrO 4 should be metallic. This approach gives consistent results for LaCrO 3 (insulator), SrCrO 3 (metal 5, 9 ), and probably also for NaCrO 3 (not available so far), but apparently not for YCrO 4 as the latter material seems to be an insulator.
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To determine quantitatively the insulating state of YCrO 4 , we have carried out an x-ray photoelectron spectroscopy (XPS) experiment. The spectrum was recorded at room temperature in a spectrometer equipped with a Scienta SES-3000 electron energy analyzer and a Vacuum Generators twin crystal monochromatized Al-Kα (hν = 1486.6 eV) source. The overall energy resolution was set to 0.4 eV, as determined using the Fermi cutoff of a metallic silver reference, which was also taken as the zero of the binding energy scale. The base pressure in the spectrometer was 2×10 −10 mbar and the sample was cleaved in-situ to obtain a clean surface. Polycrystalline sample of YCrO 4 was prepared by solid-state synthesis as described elsewhere. 23 The valence-band (VB) spectrum is displayed in the top panel of Fig. 2 . No charging effects were present, which is important to ensure a reliable energy definition. The top of the valence band is about 0.5 eV away from the Fermi level, thus establishing not only that YCrO 4 is a robust insulator, but also that its band gap is at least 0.5 eV. Our VB XPS spectrum is similar but not identical to that of a LaCrO 4 thin film. 15 In the latter, for example, the spectrum is shifted 0.5 eV toward lower binding energies, and the top of the valence band is at the Fermi level. We also note that our spectrum reveals clearly the insulating state, while in an earlier XPS study 24 the poorer energy resolution of 1.2 eV does not allow one to decide unambiguously on the presence or absence of spectral weight at the Fermi level.
In order to analyze individual spectral features, we first performed band-structure calculations using the fullpotential FPLO code with the basis set of local atomiclike orbitals. 25 The resulting energy spectrum calculated within the local density approximation (LDA)
26 is depicted in the second-from-top panel of Fig. 2 and shows the anticipated splitting of Cr 3d states into the crystalfield levels of the t 2 and e symmetry (compare to the right panel of Fig. 1 ). Additional splittings related to a weak distortion of the CrO 4 tetrahedra are smaller than the bandwidth. We can directly conclude that on the LDA level the insulating nature of YCrO 4 is not reproduced. The energy splitting between the lowest-energy peak and the broad band at 3 − 8 eV binding energy is, correspondingly, substantially larger in the calculation. Suspecting that electron correlation effects may play an important role, we took advantage of the Heyd-Scuseria-Ernzerhof (HSE) hybrid-functional approach, 27 where a 25% admixture of the exact (Hartree-Fock) exchange to conventional DFT functionals is incorporated. This calculation has been performed in the VASP code 28 . The outcome is extremely encouraging (Fig. 2, bottom) : the theoretical spectral line shape and energy positions of all features match very well with that of the experiment. The insulating state is also convincingly reproduced with a calculated band gap of 1.0 eV.
A similar band gap can be obtained in the LSDA+U approach with a properly adjusted U parameter that accounts for Coulomb correlation in the transition-metal d-shell on a mean-field level. However, the separation between the narrow band at 1 − 2 eV and the broad band above 3 eV binding energy is not well reproduced (Fig. 2) , because LSDA+U does not correct for the wrong position of oxygen 2p levels, which is a well-known problem for a multitude of oxides. 29 This problem is remedied by the hybrid functionals. We note in passing that a similar spectrum of YCrO 4 has been reported by Li et al. 30 who also used the LSDA+U method but with a much higher U value of 7 eV compared to 4 eV in our calculation. As Li et al. 30 used a different band-structure code (Wien2K), 31 we also performed an LDA calculation in this code and verified that both codes (FPLO and Wien2K) yield nearly indistinguishable results on the LDA level (Fig. 3) . Therefore, we attribute the difference in the value of U to the different basis sets, which then implies that same U has different effect on the orbital occupations depending on the band-structure code and, in particular, on the basis set.
Remarkably, the DOS for Sr 3 Cr 2 O 8 calculated by Radtke et al. 17 is, in general, rather similar to that of YCrO 4 , although the two compounds have quite different crystal structures. We infer a common origin for this, namely, the presence of Cr 5+ in the tetrahedral oxygen coordination. It has also been pointed out recently that oxide thin films containing Cr ions in the octahedral coordination have very different properties than those having Cr in the tetrahedral coordination. 15 In the following, we will focus on the energy characteristics of the Cr states with the goal to understand how the Cr 5+ systems can be insulators, and to elucidate why the tetrahedral coordination is a necessity for the stabilization of crystal structures containing high Cr valences.
To place YCrO 4 in the ZSA phase diagram, 1 we have carried out band-structure calculations, in which we include specifically a parameter U to account for correlation effects in a mean-field manner. Using this socalled LSDA+U approach, 32, 33 we then investigate how the band gap is affected by a varying magnitude of U . The on-site Hund's exchange parameter is set at its standard value of J = 1 eV. 6, 8, 34 The results are summarized in Fig. 4 , and representative energy spectra are shown in Fig. 5 . The calculations were performed for YCrO 4 together with LaCrO 3 , SrCrO 3 , and NaCrO 3 as reference systems for different oxidation states of Cr, and for YTiO 3 as a reference for a typical Mott-Hubbard insulator. All the calculations assumed ferromagnetic phases, and a simple cubic structure of Cr-based perovskite compounds was chosen in order to simplify the comparison.
Starting with YTiO 3 (Fig. 5, right) , we can clearly see that a band gap is opened for U larger than 2.0 eV, and this band gap increases linearly with U (Fig. 4) . As expected for a typical Mott-Hubbard insulator, a threshold value for U has to be exceeded in order to overcome the one-electron bandwidth W of about 1.9 eV before the insulating state sets in. LaCrO 3 has also a band gap that increases linearly with U , and can, therefore, be classified as a Mott-Hubbard insulator as well (Fig. 4) . Yet, the threshold value for U is very small (about 0.5 eV) despite a sizable t 2g bandwidth of about 2.5 eV, and this can be ascribed to the fact that the gap in this 3d
3 system is between the Cr t 2g and e g bands, so that the gap is facilitated by the octahedral crystal-field splitting. For SrCrO 3 , we notice that it does not become insulating for a wide range of U values. A similar finding has been obtained for CrO 2 by Korotin et al.,
2 who argued that the lack of the band gap in LSDA+U is caused by oxygen 2p bands crossing the Fermi level. In CrO 2 , the presence of oxygen holes associated with the high oxidation state of Cr in this Cr 4+ system stabilizes the metallic state. This explanation can also be applied to the metallic regime of NaCrO 3 persisting even at very large values of U , since the Cr valence here is extremely high, namely 5+.
Interestingly, the Cr 5+ system YCrO 4 shows a behavior that is in between YTiO 3 /LaCrO 3 on one hand, and SrCrO 3 /NaCrO 3 on the other hand. YCrO 4 does become an insulator for large values of U , but only so with a fairly large threshold value of U = 2.75 eV (see Fig. 5 , left and Fig. 4 ). This value is much larger than the oneelectron band width of the Cr e bands, which is about 1.3 eV, as can be seen from the LDA panel of Fig. 2 . This behavior clearly does not fit to that of a classical Mott-Hubbard insulator, despite the fact that the peak at 1.4 eV binding energy seemingly has all the characteristics of being the lower Hubbard band ("LHB", see Fig. 2 ).
We now look at the orbital character of this "LHB" as a function of U (Fig. 5) , and make a comparison with the YTiO 3 case as a reference. The bottom panel of Fig. 4 reveals that for the relevant U = 4 − 5 eV 35 the LHB of YTiO 3 has predominantly 3d character and less than one quarter of the O 2p states, thus justifying again the description of YTiO 3 as a Mott-Hubbard insulator. For YCrO 4 , however, we observe a quite different behavior. For low values of U , where the band gap is just opened, the first ionization states are built up of both Cr 3d and O 2p orbitals in about equal amounts. Upon increasing U , the Cr 3d character is reduced and for high values of U , the O 2p nature prevails, even though this spectral feature remains separated from the bulk of the O 2p states. We can, therefore, state that YCrO 4 is not a Mott-Hubbard insulator. With a band gap of about 1 eV and a corresponding U ≈ 4 eV (compare the top panel of Fig. 4 with the experimental band gap of about 1 eV), we would rather classify YCrO 4 as a charge-transfer insulator. Consequently, this is also the reason why the opening of the band gap requires a high threshold value of U . Due to the strong hybridization, 36 the O 2p states are able to push firmly against the "occupied" Cr e band. Therefore, the energy lowering of this "occupied" Cr e band due to U is counteracted, thereby delaying the band gap formation.
Having established the basic characteristics of the electronic structure of YCrO 4 in terms of the ZSA diagram, we can now explain why this system is a robust insulator, while the isovalent NaCrO 3 and even the lower-valent SrCrO 3 and CrO 2 can be classified as negative-chargetransfer p-type metals. Fig. 6 shows the partial density of states of LaCrO 3 , SrCrO 3 , NaCrO 3 and YCrO 4 , calculated in the non-magnetic phase using standard LDA. The 113 compounds all have in common that the Cr 3d e g states hybridize with the bottom half of the O 2p band and that the Cr 3d t 2g states tend to hybridize with the top half of the O 2p band, especially in NaCrO 3 . Partially filled states at the Fermi level have the t 2g symmetry. Then the relevant action for the band gap formation is determined by the positions of those t 2g orbitals with respect to the O 2p bands with the corresponding t 2g symmetry. The relevant energy scale is, therefore, the energy difference between Cr t 2g and the top of the O 2p band.
Looking now at the YCrO 4 case, we can clearly observe that both the Cr 3d t 2 and e bands mix with the bottom of the oxygen band. The relevant charge-transfer energy here is then determined by the Cr e states and the bottom of the O 2p band. For the 113 compounds, the effective charge-transfer energy is reduced by about half of the oxygen band width with respect to the ZSA ∆, which is defined relative to the center of the oxygen band. By contrast, the effective charge-transfer energy for YCrO 4 is increased by about half of the O 2p bandwidth. The difference between the 113 compounds and YCrO 4 is obviously caused by the difference in the local coordination of the Cr ions. In the 113 compounds, the Cr ions are octahedrally coordinated by oxygens, while in YCrO 4 the coordination of Cr is tetrahedral.
The implications may be generalized for transitionmetal oxides with only partially filled 3d shells: high oxidation state compounds -those with the octahedral coordination of the transition metal -have the potential to feature negative charge-transfer energies and, thus, become metallic, while those with the tetrahedral coordination can still have positive charge-transfer energies and maintain an insulating behavior. Equivalently, one can also state that very high oxidation state materials may have the tendency to build crystal structures with tetrahedral coordination, since the associated increase in the charge-transfer energy ensures the formation of stable insulating states rather than unstable metallic phases with high amount of oxygen holes.
A further intriguing question is the character of charge carriers induced in such compounds by doping. When transition-metal ions have a large effective U , the first ionization state should be positioned at the top of the oxygen band, which is non-bonding. This then leads to the scenario that Korotin et al.
2 speculated about in their search for self-doped charge carriers in CrO 2 . One can then ask how such a particle will interact with the transition-metal ions. Will it form a new quasi-particle with a spin-quantum number, which is very different from that of transition-metal ions, such that a spin-blockade situation occurs 37,38 rendering a high effective mass of this particle? We believe that compounds with the tetrahedral coordination of transition-metal ions deserve further exploration.
